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a b s t r a c t
Photocatalytic degradation of pirimiphos-methyl using silica-functionalized graphene oxide (GO)/
ZnO incorporated with fiberglass (silica-GO/ZnO) was evaluated. The effect of different variables 
including the initial concentration of pirimiphos-methyl, temperature, contact time, and hydro-
gen peroxide concentration was tested on the photocatalytic degradation. Moreover, the effect of 
co-existing organic compounds (folic acid, citric acid, oxalate, phenol, and ethylenediaminetetraacetic 
acid) and different purging gases (oxygen and nitrogen) was explored. The maximum removal effi-
ciency was achieved at a neutral medium, in other words at acidic and alkaline conditions the cata-
lyst corrosion occurred which resulted in a decrease in efficiency. By increasing the temperature, the 
photocatalytic removal efficiency using silica-GO/ZnO increased, because of the catalyst expansion 
and therefore, greater availability of functional groups. With an increase in the concentration of 
pollutant from 5 to 60 mg/L, the kobs values decreased from 0.050 to 0.005, while the electrical energy 
per order (EE0) increased from 95.81 to 923.12 kWh/m3. The removal efficiency of pirimiphos-methyl 
in the absence of hydrogen peroxide under the optimal conditions of other factors was obtained by 
≈98%. However, as the concentration of hydrogen peroxide increased from 3 to 45 mM, the removal 
efficiency decreased from 86.74% to 81.61%, respectively. The presence of organic compounds acted 
as a scavenger and resulted in reduced removal efficiency. The findings of this study also suggested 
that purging of oxygen gas provided greater photocatalytic activity compared to nitrogen and 
ambient air for the degradation of the target contaminant.
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1. Introduction

Today, the consumption of large amounts of pesti-
cides in agriculture, different industries, and others have 
resulted in the contamination of different environmental 
matrices. Organophosphorus (OP) pesticides are one of the 

most important groups of chemicals which are extensively 
used worldwide to control pests [1,2]. Since these chemicals 
are detected in water resources, therefore monitoring OP 
pesticides has been incorporated in many plans of supervis-
ing contamination of groundwater across different countries 
[3,4]. This further reflects that these pollutants have a high 
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capacity for leaching to groundwater and contaminating 
hydrologic systems [5,6]. The use of pesticides in agricultural 
areas and the transport of pesticides by container and spray 
equipment may cause contamination of water resources in 
the high concentration range (1–50 µ/L) [7]. Thus, the pro-
tection of water resources requires novel technologies for 
the oxidation of pesticides from agricultural drains before 
entering to water bodies.

Many techniques such as adsorption [8], reduction with 
nanoscale zerovalent iron particles [9], biological methods 
[10], ozonation technology [11], photolysis [12], Fenton, and 
photo-Fenton processes [13] have been applied to remove 
pesticides from aqueous solutions. However, these tech-
niques have some restrictions such as cost-ineffectiveness 
and operational difficulty [14–17]. For instance, adsorp-
tion just separates contaminants from water to a solid 
phase without any degradation [18–20]. The biological 
method generally requires long times for treatment [21,22]. 
Photocatalytic systems are the most effective and econom-
ical approach which do not have the above-mentioned 
limitations and can be used for treating a wide range of con-
centrations [23–26]. In this regard, zinc oxide (ZnO) has been 
used in many researches as a photocatalyst for the treatment 
of organic pollutants due to its good properties like suitable 
photosensitivity and energy band [27,28]. Nevertheless, the 
direct usage of zinc oxide has some challenges including fast 
recombination of the photo-generated electron-hole pairs 
and limited photo-responding range [29] that have led to its 
performance decline. Therefore, in order to enhance its pho-
tocatalytic performance, a series of solutions has been pro-
posed including structural design [30], noble metal loading 
[31], ion doping [32], and coupling with another semicon-
ductor [33]. It has been suggested that these factors cause 
enhanced photocatalytic efficiency of ZnO through increas-
ing the range of photo-sorption and preventing electron-hole 
recombination [34]. Another solution to overcome these 
limitations is the use of materials with carbon structure like 
graphene [35]. Graphene is a carbon material which acts as 
a good electron transmitter and receptor material, acceler-
ating the transmission of photon-derived electrons. Further, 
due to electron interactions with semiconductors, it prevents 
the recombination of electric charge in electron transfer 
processes, thereby enhancing the photocatalytic perfor-
mance [36]. In addition, the properties of high surface area 
and high adsorption capacity of graphene lead to increased 
contact between the pollutant and the photocatalyst agent 
[37]. These factors improve the efficiency of target pollutant 
removal. Meanwhile, graphene oxide (GO) has attracted a 
great deal of attention due to possessing similar features to 
graphene as well as a specific superficial structure containing 
carboxyl and hydroxyl functional groups [38]. In particular, 
combining GO with semiconductors offers several positive 
results including high adsorption of pollutants, wide range 
of photo-sorption, separation, and effective charge transfer 
[37,39]. Therefore, it is believed that if ZnO nanostructures 
are properly coated on GO sheets, it is possible to achieve a 
good photocatalytic performance.

Selection of suitable support is very essential for hetero-
geneous liquid–solid photocatalytic processes. Thus, the cat-
alyst like powdered GO/ZnO composite should be fixated on 
a solid-state material before contacting pollutant molecules. 

Fiberglass is a solid-state material that has been widely used 
over the last decade for fixation of nanomaterials owing to 
low cost, lightweight, easy attachment, suitable transparency 
for natural light, and great stability against ultraviolet radi-
ation as well as excellent mechanical properties [40,41]. In 
our previous study, the silica-GO/ZnO was successfully uti-
lized for photocatalytic removal of benzene from a polluted 
airflow [42].

Nevertheless, the photocatalytic characteristics in the 
liquid medium and the efficiency of the contaminant treat-
ment using silica-GO/ZnO composite are still unclear. Thus, 
in the current study, for the first time, silica-GO/ZnO was 
tested for photocatalytic removal of pirimiphos-methyl 
(an organophosphorus pesticide) from aqueous solutions. 
Pirimiphos-methyl has a high potential for oxidation and 
stable chemical structure which makes it a suitable option 
for assessing photocatalytic properties of silica-GO/ZnO 
incorporated fiberglass composite.

2. Materials and methods

2.1. Photocatalytic setup

A Pyrex photoreactor equipped with ultraviolet 125 W 
medium pressure UVC-lamp was used for the removal of 
pirimiphos-methyl from aqueous solutions. The utilized 
reactor consisted of two parts. The outer part had 2 L-solution 
capacity and the internal section contained the UV lamp. 
The UVC lamp used in this study was a medium pressure 
with a maximum wavelength of 247.3 nm and a photo inten-
sity of 1,020 mcW/cm2. In addition to the two sections above, 
a section outside the reactor with a capacity of 12 L was 
designed to keep the reactor temperature (25°C) constant 
throughout the experiments. The photocatalytic reactor oper-
ated in a batch mode. The preparation method and proper-
ties of the silica-GO/ZnO catalyst were fully described in our 
previous study [42]. The pHzpc parameter of the synthesized 
catalyst was measured by pH drift method [43]. The catalyst 
coated on the vertical wall and bottom of the reactor using 
fiberglass glue. The coated wall was 6 cm away from the UV 
lamp. All of the photocatalytic experiments were performed 
in 100 mL of the aqueous solution. Fig. 1 shows a schematic 
diagram of the experimental reactor.

2.2. Process of experiments and analysis

The effect of different variables including the initial 
concentration of pirimiphos-methyl, pH, temperature, 
contact time, and hydrogen peroxide concentration was 
evaluated. This study also evaluated the effect of co-ex-
isting organic compounds (folic acid, citric acid, oxalate, 
phenol, and ethylenediaminetetraacetic acid) and different 
purging gases (oxygen and nitrogen). The stock solution 
(1,000 mg/L) of pirimiphos-methyl was prepared through 
dissolving pirimiphos-methyl in distilled water and the 
intended concentrations were prepared by dilution of the 
stock solution. The initial pH of the solution was adjusted 
by adding 0.1 N HCl and 0.1 N NaOH, which was then 
measured by a pH meter (Metron, Switzerland). All of 
the experiments were performed at 25°C ± 1°C in the lab-
oratory. To perform the photocatalytic removal process, a 



H. Arfaeinia et al. / Desalination and Water Treatment 190 (2020) 156–166158

solution containing pirimiphos-methyl was prepared and 
poured into the reactor. It was then left for 30 min to reach 
equilibrium (under the dark condition). Subsequently, the 
radiation source was turned on and the photocatalytic 
process was performed under the determined conditions. 
Following the process, the sample was withdrawn from the 
supernatant and passed through Whatman filter paper 16 
in order to remove the possible catalyst particles. To deter-
mine the residual pirimiphos-methyl concentration, the 
high-performance liquid chromatography (HPLC, Waters, 
USA) device was used. The detector utilized in this device 
was a UV-visible detector (4900 CE) and the selected wave-
length was 245 nm. Further, 20 µL-sample was injected into 
a c18 analytic column, and the mobile phase was pumped 
into the column with a flow rate of 0.9 mL/min. For deter-
mining the byproducts resulting from the degradation of 
pirimiphos-methyl through the process, the gas chroma-
tography-mass spectrometry device (Varian-GC–MS 4000) 
was utilized. The column in this device was HP-522 and 
its carrier gas was helium with a flow rate of 1 mL/min. 
Moreover, kinetic evaluations were carried out and sim-
ulated with zero-, first- and second-order, and Langmuir 
Hinshelwood kinetic model. The electrical energy per order 
(EE0) was also calculated to assess the cost-efficiency of the 
degradation processes. The kinetics equations, parameters, 
and constants are given in Table 1.

3. Results and discussion

3.1. Catalyst characteristics

N2 adsorption–desorption isotherm (at 77 K) was car-
ried out to investigate the surface area and volume of the 
pores in GO/ZnO and silica-GO/ZnO catalysts (Fig. 2). The 
isotherms mostly were in the form of IV-type isotherms, 
implying that the synthesized catalyst is porous. In Fig. 2, 
it can be observed that silica-GO/ZnO has a greater porosity 
compared to GO/ZnO particles. In addition, the total pore 
volume in silica-GO/ZnO composite (0.14 cm3/g) is larger 
than that of GO/ZnO (0.06 cm3/g). The large pore volume in 
silica-GO/ZnO can be attributed to the formation of second-
ary pores which originates from close stack among the GO/
ZnO particles. The Brunauer–Emmett–Teller surface area 
for silica-GO/ZnO and GO/ZnO was calculated as 23.90 and 
30.20 m2/g, respectively. This suggests that the addition of 
silica to GO/ZnO could enhance the specific area, which in 
turn improves the adsorption capacity. Therefore, it can be a 
suitable option as a kind of adsorption substance.

The crystalline structure of the catalyst was determined 
by X-ray diffraction (XRD) analysis, as shown in Fig. 3. As 
can be seen in the figure, a common peak exists at 2θ = 12 
in both graphs of GO (b) and Si/GO (c), which is related to 
GO and is consistent with previous studies [44,45]. A con-
siderably wide peak is also observed at 2θ = 20–30 from 
Si-GO graph (c), which represents halo of amorphous silica. 
This suggests that SiO2 nanoparticles have been success-
fully coated on the surface of graphene oxide nanoplates. 
According to Bragg’s law, (nλ� = 2d sinθ, λ� = 0.154 nm), 
d-spacing for Si-GO was calculated as 7.33 Å, which had 
diminished compared with 8.12 Å for GO. The reason for 
this issue is the decoration of silica on graphene [46]. In 
ZnO graph (d), again the peaks at 2θ = 32, 34, and 36 are 
related to planes 100, 102, and 101 of hexagonal wurtzite 
ZnO, respectively. In Si-GO/ZnO graph (e), in addition to 
the peaks at 2θ = 12 and 2θ = 20–30, which are related to GO 
and SiO2, respectively, a good crystalline structure of zinc 
oxide nanoparticles is observed even after the immobiliza-
tion. The mean crystalline size of zinc oxide nanoparticles 
was calculated by Debye–Sherrer equation. Based on this 
equation, the mean crystalline size of zinc oxide and zinc 
oxide coated on the composite was calculated as 56.6 and 
54.1 nm, respectively. The results suggest a minor effect of 
immobilization on the size of pure zinc oxide nanoparticles. 

 

Fig. 1. Schematic diagram of the experimental reactor.
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Other characteristics of the synthesized catalyst are given in 
our previous research [42].

3.2. Effect of initial pH on the photocatalytic removal of 
pirimiphos-methyl

The effect of initial pH on the photocatalytic removal of 
pirimiphos-methyl through the silica-GO/ZnO incorporated 
fiberglass composite was investigated. For this purpose, the 
concentration of pirimiphos-methyl (30 mg/L) and tempera-
ture (25°C) were considered constant, while pH values were 
altered between 3 and 10. Then, the extent of removal of the 
pollutant was measured for the studied pHs. The results 
provided in Fig. 4. As can be seen, with the elevation of 
the initial pH from 3 to 7, the removal efficiency increased 
from around 59%–98%. However, with the further rise of 
pH from 7 to 10, the efficiency diminished and reached to 
around 30%. Generally, considerable changes were observed 
in the removal efficiency of the pollutant with pH variations. 
The major reason for the high degradation of this pollutant 
at acidic pH can be photo-corrosion of ZnO particles under 
acidic and alkaline conditions [47]. The pHzpc factor of the 
silica-GO/ZnO catalyst was obtained around 8.13. According 
to previous studies, pHzpc of ZnO nanoparticles is around 
9 [47]. The pKa value for the pirimiphos-methyl is 4.3 [48]. 
The different photocatalytic activity observed at different 
pHs can be explained by different electrostatic interactions 
between the ZnO surface and pirimiphos-methyl [49]. Since 
pKa value for pirimiphos-methyl is 4.3, at pH above 4.3, it 
has a negative charge, while the silica-GO/ZnO photocata-
lyst at pHs below 8.13 has a positive charge. Therefore, the 
maximum removal of pirimiphos-methyl occurs when pH 
was between pKa

pirimiphos-methyl and pHsilica-GO/ZnO. In these condi-
tions, negative charge primiphos-methyl is easily attached by 
the positively charged silica-GO/ZnO catalyst [50]. At high 
pHs, both the silica-GO/ZnO catalyst and pirimiphos-methyl 
have a negative charge, and thus the electrostatic repulsion 

between them leads to diminished absorption of the mole-
cules of this pollutant on the catalyst surface, thereby reduc-
ing the removal efficiency [49,51]. Tabasideh et al. [52] have 
attained the maximum degradation percentages for diazi-
non at pH 6.5 and the degradation rate was decreased at the 
alkaline media. The photocatalytic degradation of diazinon 
increased with increasing pH up to 5.2 and then decreased 
[47]. In this study, the solution pH of 7 was obtained as the 
optimal pH for removal of pirimiphos-methyl, and the rest of 
the experiments were performed at this pH.

3.3. Effect of initial concentration on the photocatalytic 
removal of pirimiphos-methyl

The removal of pirimiphos-methyl was investigated 
across five different concentrations (5, 15, 30, 45, and 
60 mg/L), pH = 7, and 25°C (Fig. 5). As can be seen, the removal 
efficiency of the pollutant found a descending trend with an 
elevation of its initial concentration. With the rise in the ini-
tial concentration from 5 to 60 mg/L, over 100 min of con-
tact time, the photocatalytic removal of pirimiphos-methyl 
decreased from around 100% to 39%. The main reason for this 
reduction with concentration rise is the increased ratio of the 
number of molecules of pirimiphos-methyl to the number of 
active sites available across the silica-GO/ZnO catalyst sur-
face. In other words, the high content of the pollutant exerts 
an inhibitive effect on the reaction between the pollutant 

 

Fig. 2. Nitrogen adsorption–desorption isotherms at 77 K for 
GO-ZnO and Si-GO/ZnO composites and pore size distributions 
for silica-GO-ZnO composite.

 

Fig. 3. Typical XRD patterns of samples: (a) fiberglass, (b) GO, 
(c) Si-GO, (d) ZnO, and (e) FG/GO-SiO2-ZnO.
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molecules and photogenerated holes or hydroxyl radicals. 
Therefore, due to the absence of any direct contact between 
them, the removal efficiency drops [53,54]. The statistical 
test also confirmed that the pirimiphos-methyl removal effi-
ciency is significantly affected by its initial concentration in 
the interval contact time of reaction (p-value < 0.05). On the 
other hand, based on F-value, the initial concentration has 
been the most influential factor affecting the removal effi-
ciency of the pollutant (F-value = 241.56). Similar results 
have been reported by other researchers [50,55]. In previous 
studies, it was reported that applying a higher concentra-
tion of nanoparticles would reduce light penetration into the 
medium, which brings about decreasing photodegradation 
efficiency [52,56,57].

3.4. Effect of temperature on the photocatalytic removal of 
pirimiphos-methyl

This study also examined the effect of reaction tempera-
ture on the photocatalytic removal of pirimiphos-methyl by 

the silica-GO/ZnO incorporated fiberglass. For this purpose, 
the concentration of pirimiphos-methyl and pH were con-
sidered as 30 mg/L and 7, respectively, while different val-
ues of temperature (20°C, 25°C, 35°C, 45°C, and 50°C) were 
applied. The results displayed in Fig. 6. As can be observed, 
the photocatalytic removal efficiency of pirimiphos-methyl 
has increased with increasing the reaction temperature. With 
temperature elevation from 20°C to 50°C, the removal effi-
ciency has grown from 89% to 100%. The reason for this effi-
ciency augmentation is that temperature is one of the influen-
tial and important factors in OH•-based-AOPs. Hence, with 
temperature elevation, the extent of production of hydroxyl 
radicals increases, causing enhanced efficiency of the process 
[58]. Also, this efficiency growth can be attributed to the fact 
that higher temperatures cause expansion of the silica-GO/
ZnO catalyst. As a result, the functional groups present on 
its surface become more available in the solution, thereby 
enhancing the removal efficiency [59]. In other words, the 
increase in removal with the rise of temperature may be 
due to the accessibility of oxidative species originating from 
active sites at the catalyst surface [60]. Moreover, higher 
reaction temperatures produce more cavitation bubbles for 
degrading organic pollutants [61].

3.5. Kinetics of the photocatalytic degradation of pirimiphos- 
methyl and electrical energy per order

The laboratory findings resulting from catalytic deg-
radation of pirimiphos-methyl at different reaction times 
were applied with zero-, first-, and second-order kinetic 
models. Also, the relationship between the primary photo-
catalytic degradation rate and the initial concentration of 
pirimiphos-methyl was represented by the Hinshelwood–
Langmuir model. In this study, this factor (EE0) was eval-
uated. The EE0 value for the photocatalytic degradation 
of pirimiphos-methyl is defined as the number of kWh of 
electric energy that is required for the concentration of the 
pollutant to be removed by one order of magnitude (equiva-
lent to 90%) in 1 m3 of contaminated water.

In order to achieve the kinetic parameters of pirimi-
phos-methyl degradation, C0–Ct, ln[C0/Ct], and [1/C0–1/Ct] 
terms were drawn vs. time (t). The kinetic parameters as 
well as the zero-, first-, and second-order reactions for the 
photocatalytic degradation of pirimiphos-methyl across 
different concentrations and initial pHs are presented in 
Tables 2 and 3, respectively. Based on the findings, it can 
be observed that the photocatalytic degradation of pirimi-
phos-methyl follows the first-order kinetic model. As can be 
seen in Table 2, with the elevation of the initial concentration 
of pirimiphos-methyl from 5 to 60 mg/L, the reaction rate 
of the first-order kinetic model (kobs) and R2 have decreased 
from 0.0501 to 0.0051 and from 0.9963 to 0.8919, respectively. 
In order to obtain the kobs values at different initial concentra-
tions, first ln[pirimiphos-methyl0/pirimiphos-methyl] was 
drawn against the reaction time, and the resulting slope line 
was considered as kobs. The Kpirimiphos-methyl and kc values were 
also obtained as 0.181 and 0.219 mg/L min by drawing the 
1/kobs against the initial concentration of pirimiphos-methyl.

EE0 values for the studied processes are also provided 
in Table 2. As can be seen, with the elevation of the initial 
concentration from 5 to 60 mg/L, the EE0 value increased 

 
Fig. 4. Influence of initial pH on the photocatalytic degradation 
of pirimiphos-methyl through silica-functionalized graphene 
oxide/ZnO.

 

Fig. 5. Influence of initial concentrations on the photocatalytic 
degradation of pirimiphos-methyl through silica-functionalized 
graphene oxide/ZnO.
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from 95.81 to 923.12 kWh/m3. The EE0 value required for 
the UV/silica-GO/ZnO process (163 kWh/m3) has been less 
than that of UV/ZnO (655 kWh/m3), UV/GO (897 kWh/m3), 
and UV (1,153 kWh/m3).

3.6. Effect of adding H2O2 and organic scavengers

In order to determine the effect of hydrogen peroxide 
and organic scavengers, a series of experimental runs were 
performed within the concentration range of 3–45 mM and 
at a constant concentration of 25 mg/L of organic com-
pounds (citric acid, folic acid, oxalate, EDTA, humic acid, 
and phenol). The initial concentration of the pollutant, 
temperature, and pH were kept constant at 30 mg/L, 25°C, 
and 7, respectively. The results of the effect of adding H2O2 
are visualized in Fig. 7. As can be seen in Fig. 7, the extent 
of removal of pirimiphos-methyl has diminished with the 
elevation of the hydrogen peroxide concentration. More 
specifically, the removal efficiency in the absence of this oxi-
dant has been around 98%. However, with the elevation of 
the hydrogen peroxide concentration from 3 to 45 mM, the 
removal efficiency of this pollutant dropped from 86.74% 
to 81.61%, respectively. This reduction in the removal effi-
ciency can be attributed to the fact that hydrogen peroxide, 

according to the following equations, can act as a powerful 
radical scavenger, and thus through reducing the hydroxyl 
radicals causes diminished degradation of this pollutant 
[62]. According to statistical tests, the removal efficiency of 
pirimiphos-methyl toxin has been significantly affected by 
altering the concentration of hydrogen peroxide from 3 to 
45 mmol (p-value < 0.05).

HO HO H O O2 2 2
• •+ → +  (1)

H O h H HOVB
"

2 2 2+ → ++ •  (2)

The effect of the addition of organic compounds (citric 
acid, folic acid, oxalate, EDTA, humic acid, and phenol) is 
also depicted in Fig. 8. As can be observed, the photocata-
lytic degradation efficiency of pirimiphos-methyl has been 
negatively affected by addition of these organic compounds 
[without adding scavengers (98%), humic acid (47.83%), 
folic acid (84.54%), citric acid (60.12%), EDTA (81.93%), 
oxalate (79.44%), and phenol (65.43%)]. These observa-
tions can be attributed to the fact that this group of organic 
compounds also act as radical scavengers [63], and reduce 
the number of hydroxyl radicals available for degradation 
of pollutants [54].

3.7. Effect of purging gases

To determine the effect of purging gases, a series of 
experiments were performed with the purging of nitrogen 
and oxygen at the low rate of 2.5 L/min, pirimiphos-methyl 
concentration of 30 mg/L, the temperature of 25°C, and 
pH 7. The results are presented in Fig. 9. As can be seen, the 
purging of oxygen gas provided greater photocatalytic activ-
ity compared to nitrogen and ambient air for the degradation 
of the contaminant. Upon addition of oxygen, the removal 
efficiency of the pollutant increased from 31% to 100% during 
5–100 min, while this range with the ambient air and in the 
presence of nitrogen increased from 19% to 98% and from 
14% to 73%, respectively. In this series of experiments, the 
extent of dissolved oxygen over the course of the reaction was 
also measured (Fig. 9). As can be seen, the extent of dissolved 
oxygen diminished with prolongation of contact from 10 to 
100 min, falling from 20.12 to 12.17 mg/L. These findings 
suggest the significant role of the dissolved oxygen in photo-
catalytic reactions. Dissolved oxygen through reaction with 

 

Fig. 6. Influence of temperature on the photocatalytic deg-
radation of pirimiphos-methyl through silica-functionalized 
graphene oxide/ZnO.

Table 2
Kinetic models for the degradation of pirimiphos-methyl via UV/silica-GO/ZnO at different initial concentrations (temperature = 25°C 
and pH = 7)

[Pirimiphos-methyl]0, 
mg/L

Zero-order First-order Second-order

k0 (mol/L min) R2 kobs (1/min) 1/kobs (min) R2 EE0 (kWh/m3) k2 (mol/L min) R2

5 0.0631 0.5767 0.0501 20.011 0.9963 95.81 0.4711 0.7443
15 0.1241 0.6334 0.0161 64.081 0.9732 306.21 0.0129 0.8976
30 0.1399 0.7992 0.0101 105.991 0.9391 509.33 0.0008 0.9906
45 0.1539 0.8483 0.0060 179.021 0.9217 857.12 0.0003 0.9454
60 0.1899 0.8323 0.0051 192.016 0.8919 923.12 0.0001 0.9111
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excited electrons present in the conduction band of the photo-
catalyst can produce superoxide radical anion (O2

–). Another 
reason for the increased pirimiphos-methyl degradation effi-
ciency in the presence of oxygen can be electron scavenging 
influence. Dissolved oxygen can effectively react with the 
electrons generated in the conduction band and prevent the 
recombination of the positive hole [64]. Therefore, the use of 
nitrogen as purging gas limits the production of superoxide 

radicals, creating an environment with less oxidation of 
pirimiphos-methyl toxin. Another reason for the diminished 
removal efficiency in the presence of nitrogen is that when 
the nitrogen gas is bubbled into the reactor, the production 
of hydroxyl radicals is only due to the degradation of water 
vapor. Thus, fewer amounts of hydroxyl radicals react with 
the molecules of the pollutant [54].

3.8. Comparison of each process and reusability

To evaluate the effect of various processes on the photo-
catalytic degradation of pirimiphos-methyl, the degradation 
efficiency of pirimiphos-methyl by GO alone, ZnO-alone, 
GO-ZnO, UV-alone, H2O2 alone, UV/H2O2, Si-GO-ZnO, 
and UV/Si-GO-ZnO were compared at the same reaction 
conditions. The initial concentration of pirimiphos-methyl 
and the initial pH was 30 mg/L and 7, respectively. Fig. 10 
shows that removal efficiency for each process was equal 
to 40.87%, 5.94%, 24.87%, 25.43%, 26.12%, 46.78%, 27.78%, 
and 98.00%, respectively. The photocatalytic degradation of 
pirimiphos-methyl via just adsorption was low. The removal 
efficiency of pirimiphos-methyl by UV/Si-GO/ZnO process, 
was greater than other processes. Photocatalytic degrada-
tion of pirimiphos-methyl with UV/silica-functionalized 
graphene oxide-ZnO process was compared with other 
reported data. This comparison shows that the silica-func-
tionalized graphene oxide/ZnO is an effective catalyst for 

Table 3
Kinetic models for the degradation of pirimiphos-methyl via UV/silica-GO/ZnO at different initial pHs (temperature = 25°C and 
[pirimiphos-methyl]0 = 30 mg/L)

pH Zero-order First-order Second-order

k0 (mol/L min) R2 k1 (1/min) R2 k2 (mol/L min) R2

3 0.0931 0.8439 0.0084 0.9512 0.9912
5 0.1019 0.7731 0.0117 0.9271 0.9876
7 0.1251 0.6567 0.0311 0.9656 0.9123
10 0.0599 0.9761 0.0052 0.9878 0.9949

 

Fig. 7. Influence of H2O2 on the photocatalytic degradation of 
pirimiphos-methyl through silica-functionalized graphene 
oxide/ZnO.

 

Fig. 9. Influence of effect of different gases purging and variation 
of DO concentration in photocatalytic degradation of pirimi-
phos-methyl through silica-functionalized graphene oxide/ZnO.

 

Fig. 8. Influence of different type of organic compounds on the 
photocatalytic degradation of pirimiphos-methyl through sili-
ca-functionalized graphene oxide/ZnO.
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the photocatalytic degradation of pirimiphos-methyl from 
aqueous solution compared to other catalysts and processes.

As the reusability of a photocatalyst after the reaction is 
an important factor, the photocatalyst loaded with pollutant 
was placed in the 2 M NaOH solution as a desorbing agent, 
photocatalytic experiments were repeated five times. As can 
be seen in Fig. 11, the silica-GO/ZnO showed quite similar 

photocatalytic activity after 100 min of each photocatalytic 
reaction during five repeated runs.

3.9. Degradation pathway

The decomposition mechanism of organic compounds 
with the photocatalytic process is very complicated. In these 

 

Fig. 10. Contribution of each process involved in the photocata-
lytic degradation of pirimiphos-methyl.

 

Fig. 11. Reusability test for silica-functionalized graphene oxide/
ZnO in photocatalytic degradation of pirimiphos-methyl within 
five repeated rounds.

 Fig. 12. (a) GC/MS chromatogram of intermediate species of pirimiphos-methyl degradation by the UV/Si-GO-ZnO and (b) possible 
degradation pathway.
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processes, the hydroxyl radical (OH•) resulted from the oxi-
dation of adsorbed water or OH–, is known as the initial 
oxidizing agent, and the photocatalytic degradation reac-
tion is typically controlled by this radical [65]. The by-prod-
ucts from the decomposition of pirimiphos-methyl in the 
process exploited in this study (UV/Si-GO/ZnO) are pre-
sented in Fig. 12a. According to the by-products observed by 
GC–MS, the possible route for the decomposition of pirim-
iphos-methyl by UV/Si-GO/ZnO process is represented in 
Fig. 12b. As can be seen, there are three major routes of 
degradation. One route (path 1) may involve the formation 
of an N-oxime (compound 1) together with the induced 
hydrolysis of the phosphoric ester function (compound 
2). A second path is the result of an N-dealkylation which 
gives compound 4. A third route involves the oxidation of 
the methyl group into an aldehyde function (compound 5), 
followed by the induced hydrolysis of the phosphoric ester 
function (compound 3). The stability of an aldehyde in an 
oxidative medium was surprising, but it has been pointed 
out that aldehydes are oxidized only by radical oxidants, 
reflecting the slow generation of hydroxy radicals under 
acidic conditions [66]. However, the proposed mechanism 
cannot fully explain the degradation of pirimiphos-methyl 
due to the lack of convincing evidence, and the decomposi-
tion path is very complex because of the many small paths, 
and it is not possible to be expressed certainly.

4. Conclusion

In this study, the photocatalytic degradation of pirimi-
phos-methyl was investigated using silica-GO/ZnO incor-
porated fiberglass composite (silica-GO/ZnO). At the opti-
mal conditions of neutral pH (7), initial concentration of 
pollutant (30 mg/L), and temperature (25°C), and oxygen 
gas flow (2.5 L/min), 98% of the pollutant was degraded after 
100 min contact time. The photocatalytic degradation kinet-
ics of pirimiphos-methyl toxin using the UV-silica-GO/ZnO 
process had a good fit with the first-order kinetic model. 
The addition of H2O2 resulted in diminished hydroxyl rad-
icals and therefore reduction of the degradation efficiency 
of the pollutant because of strong scavenging effects. The 
presence of different organic compounds (folic acid, citric 
acid, oxalate, phenol, and EDTA) caused the occupation 
of the active sites present in the catalyst surface and thus, 
decreased the overall efficiency of the process. The high 
photocatalytic properties of UV-silica-GO/ZnO will facil-
itate its application in the environmental photocatalysis 
field especially for treating water or wastewater containing 
pirimiphos-methyl.
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